Abstract In this paper, the application of a fully distributed hydrological model J2000 with limited hydrological data was investigated in an alpine small and glacierized catchment, the Qugaqie (55 km 2 with 7.3% glacier area), in the central Tibetan Plateau (TP). The J2000 was examined to investigate the influence on model performance, as well as on data, parameters and sensitivities. Simulated discharge was generally less than the observed values for the calibration and validation periods. The sensitivity to alteration in meteorological parameter has revealed that a change in air temperature would cause a dramatic increase of discharge in the Qugaqie catchment. Hypothetical climate scenario experiments showed that the increase of air temperature by 1°C resulted in 14% increase in runoff, whereas 20% increase in precipitation caused 9% increase in runoff but 12% reduction in glacier melt.
Introduction
The cryosphere in the Tibetan Plateau (TP) has been undergoing rapid changes in recent years, e.g., inconsistent snow cover timing, increasing permafrost temperatures and degradation, as well as the shrinking of glaciers ). In the past half-century, 82% of the glaciers have retreated in western China, losing 4.5% of their combined area coverage (Xiao et al. 2006; Qin and Xiao 2009 ). Consequently, additional freshwater is expected to be released from glacier storage because of the worldwide retreat of glaciers, thus further modifying current streamflow regimes (Jansson et al. 2003) . Hydrological changes resulting from glacial shrinking, such as increased discharge, rises in lake level, and more frequent glacial lake outburst leading to floods and enhanced glacial debris flows have been the focus of many studies (Wang et al. 2011; Li et al. 2008b; Xiao et al. 2008; Yao et al. 2004 Yao et al. , 2007 . Glacial retreat during the 1990s has caused an increase of 5.5% in river runoff in Northwest China (Yao et al. 2004 ). The quantitative contribution of glacial melt water to the rising lake level has been investigated using remote sensing (RS) and geographical information system (GIS) for many lakes, including Nam Co, Selin Co, Yamzhog Yumco and Mapam Yumco (Yao et al. 2007; Ye et al. 2007 Ye et al. , 2008 .
In the west Nyainqêntanglha Range, the area and volume of 870 glaciers have decreased by 5.7 and 7%, respectively, in the past 30 years (Shang-Guan et al. 2008) . Studies of Nam Co Lake, which is the largest lake in Tibet and the second largest saline lake in China, and is located in the northwest slope of Nyainqêntanglha Range, showed that it has been expanding during the past 30 years, due to retreat of glaciers (Wu and Zhu 2008) . The glacier area decreased by 6.1 ± 3% from 1976 to 2001 at a rate of 1 km 2 /area and continued to shrink during the period of [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . No advancing glaciers were detected in the region Bolch et al. 2010) . At the same time, the area of the Nam Co Lake increased by 72.6 km 2 with a rate of 2.0 km 2 /area. The water level of the Nam Co Lake has a notable increase in the summer season, which is coincident with the expanding lake area ).
Hydrological models that account for water balance and nutrient dynamics were used to predict and manage water resources. Many studies have assessed the impact of climate change on hydrological processes in the TP (Fujita and Ageta 2000; Hagg et al. 2007; Zhang et al. 2008a; Sakai et al. 2009 ). Most studies used conceptual models, such as SRM (snow runoff melt model), degree day, and energy balance models without taking into account the factors of topography, land use, soils and geology. These above factors are of greater importance if the model is used for prognostic scenario simulations. To account for the above factors, a fully distributed regionalization approach, such as hydrological response units concept (HRU) of J2000 (Krause 2002; Fink et al. 2007 ) is needed. HRU in J2000 is based on the polygon and is able to represent any geometry.
Two issues in applying the glacier runoff model are the difficult access to the glaciers and thus the lack of hydrometeorological measurements in high-altitude mountainous watersheds. We chose Qugaqie catchment as the test site because of the data available, and because it includes various land classes, which are representative of the Nam Co basin in TP.
This study focused on the hydrological modeling of glacierized Qugaqie catchment, which is a part of Nam Co Lake system in Central TP. The main objectives of this study were to:
1. Calibrate and validate a process-oriented model J2000 and examine the model performance in the catchment. 2. Analyze the sensitivity of J2000 to temperature and precipitation in the Qugaqie catchment. 3. Assess the impact of climate variability on the catchment's runoff and glacier melt using different climate scenarios.
Study area
The Qugaqie catchment, covering an area of 55 km 2 with 7.3% of glacierized coverage, converge into the Nam Co Lake (30°34 0 N, 90°34 0 E; Fig. 1 ). The Qugaqie catchment is situated between the Nam Co Lake and Mt. Nyainqêntanglha. The study area was selected because it has almost no influence from human activities that could affect the natural runoff and local climate regime, and because it represents the most glacierized hydrological basin on the TP (Guan et al. 1984) . Two tributaries flowing out of the glacier coverage in the upstream of the Qugaqie catchment. The land cover of the Qugaqie catchment is dominated by grassland, wetland, bare soil and rocky areas (Fig. 2) . The lowest elevation at the river mouth of the catchment is 4,725 m a.s.l.
According to the climate classification developed by the Chinese Meteorological Administration, the Nam Co basin has a semi-arid subarctic plateau climate (Institute of Geography, CAS 1999). Analysis of precipitation and air temperature reveals that the long, cold winters and short, warm summers are characterized by precipitation maxima (You et al. 2007a ). In the Nam Co region, westerly winds were dominant from late October to May (Wang et al. 2005) . This clearly shows the influence of the mid-latitude westerlies during the cold months. In contrast, mainly the south winds were recorded from June to mid-October, reflecting the influence of the Indian summer monsoon season (You et al. 2007b; Sakai et al. 2009 ). The annual precipitation is 295-550 mm, with the majority of precipitation occurring between July and August. The local convective system generates precipitation frequently (Zhang et al. 2008b) .
Soils in the Nam Co basin are alpine meadow with a neutral to slightly alkaline pH (7-8) ). Tian et al. (2009) studied the hydrothermal pattern of frozen soil in the Nam Co Lake basin including the Qugaqie catchment. Soil moisture variations in the active layer were influenced greatly by snowmelt, rainfall and evaporation, varying up to 53.8%. The active layer was thinning that froze later and thawed earlier. However, the lower altitudinal limit of the permafrost layer is higher than that in the other areas of the TP. Glaciers develop at an altitude of 5,500 m a.s.l., which explains 7.3% of glacier area in the Qugaqie. According to the research by Chen et al. (2009) 
Methods

J2000 modeling system
The J2000 is a fully distributed hydrological model, which was developed inside the modular oriented framework system JAMS (Jena Adaptable Modelling System) (Kralisch and Krause 2006; Kralisch et al. 2007 ). Besides the process modules for the simulation of the runoff generation and runoff concentration dynamics, the J2000 is capable of data pre-processing, including the regionalization of climate data and the evapotranspiration calculation.
In addition, tools are available for sensitivity and uncertainty analysis, as well as for plotting capabilities to produce diagrams of the model results (Krause 2002) . The J2000 structure is composed of regionalization module, evaporation module, interception module, soil-water module, groundwater module and runoff routing module. The JAMS/J2000 was extended by incorporating a glacier sub-model to account for snow and glacier process, through an extended air temperature index method (Hock 2005 ), adopted from a gridded hydrological model WaSiM-ETH (Schulla and Jasper 2007) .
Regionalization of climate data
For the transformation of the point data into spatial distributed data set, regionalization methods are implemented into the pre-processor of the J2000. These methods interpolate climate data in both vertical (e.g., decrease of temperature with increasing elevation) and horizontal (e.g., horizontal variability of rainfall) directions for each time step (Krause 2002) . The vertical variability is quantified by a linear regression between station elevation and parameter value, providing a daily gradient and the coefficient of determination. The horizontal variability is considered by an inverse distance weighting method, also incorporated into the J2000.
To eliminate system errors in precipitation measurements, the regionalization methods were complemented by developed precipitation correction functions determined by Yang and Ohata (2001) , based on the experimental observations conducted in the Urumqi River basin. These developed functions were implemented into the J2000 to take account of underestimation induced by wind drift and losses resulting from wetting and evaporation from the measurement equipment.
Snow accumulation and snowmelt
For each hydrological response unit (HRU) in the catchment, the temporal evolution of the snow pack is computed by a separation between snow and rain to determine the snow accumulation. If the interpolated air temperature at 2-m height T a (°C) is lower than the calibrated threshold temperature T GR , the phase of precipitation is solid. Otherwise, the phase of precipitation is liquid. A transition parameter (T TRANS ) can be adopted to define the air temperature range where the phase of precipitation is considered as a mixture of rain and snow. The value of these thresholds depends on the measurement location and can vary throughout the year (Rohrer and Braun 1994). The snow fraction (p snow ) given by Zappa et al. (2003) is:
The J2000 offers the use of different approaches concerning snow and ice melt. In this study, a simple temperature index approach for snowmelt was used. The water equivalent of the snow cover is divided into snow and water fractions. A coefficient freewater capacity is used to control the maximum capacity of the water storage as fraction on the total storage. The effective melt is the amount of water exceeding the water-holding capacity, where rain and melt are superposed before doing this calculation.
A classical degree-day method for ice melt from Hock (2005) was used in the J2000. To enable the glacier module, the additional HRU-glacier HRU was generated and coded differently from the other HRUs. Further, glacier HRUs are defined as separate subcatchments in the subbasin grid. It is required that the glacier subcatchments contain no other land cover classes except ice. Thus, the glacier subcatchments are set specifically for the calculation of glacier melt.
Modeling approach
HRU concept
The J2000 relies on the aggregation of the subdivision of the catchments into HRUs (Ross et al. 1979; Kouwen et al. 1993; Flugel 1997) . HRUs are defined as distributed, heterogeneously structured entities. Each entity has a common climate, land use and underlying pedo-topo-geological associations controlling its hydrological dynamics (Flugel 1995) . They are delineated by overlay techniques of the data layers elevation, slope, aspect, land use, soil-type and subbasin inside a GIS providing a pattern of single units with similar data set (Krause 2002). The HRU-specific spatial information is stored in a table and loaded into the J2000 during the model initialization.
In this study, partitioning was made based on basin characteristics, such as soil, vegetation, elevation, slope and aspect using ESRI's ArcGIS Ò . DEM, slope and aspect maps, with existing soil map and land use/cover map and were integrated into a GIS. These layers were stacked by overlaying and spatial overlay analysis was performed to the data layers to delineate the HRUs. After simplification of the resulting polygons obtained from the overlay process, HRUs were delineated for the basin.
An HRU parameter set was defined for each HRU using information derived from these layers. Additional parameters concerning the vegetation canopy (e.g., albedo, rooting depth, leaf area index) were assigned to determine evapotranspiration. Glacier area is parameterized with the same reach channel to enable the simulated glacier melt to calculate separately. Soil texture and available waterholding capacity were the two soil characteristics used to define model parameters in the J2000.
Input data
Daily values of the climate data set such as precipitation, minimum and maximum air temperatures, wind speed, relative humidity and solar radiation are used to force the J2000. These data sets were obtained from two AWSs, which operated at the pass of the Zhadang glacier (5,800 m a.s.l.) and the grassland area close to the terminus of the glacier (5,400 m a.s.l.) in the Qugaqie catchment for the period of 2006-2009. The precipitation data were collected from three rain gauges located at three places: one was beside the grassland close to AWS (5,400 m a.s.l.), the second was NAMOR, and the third was in Deqing (approximately 40 km west of the Qugaqie). Only three stations were useable because of major differences between climate in the valleys and the available data set during the study period.
An automatic water level logger and a graduated staff gauge were installed to measure the water level. The velocity of streamflow was measured manually every 2 weeks. During accelerated glacier melting period (e.g., August), velocity was measured every 2 h. The daily streamflow data were then derived from stage-discharge relationship (rating curve) using continuous water level data and manually measured velocity (Gao et al. 2008; Gao et al. 2009 ).
For HRU delineation, a DEM of 30-m resolution (Aster GDEM, 2009) from the International Scientific and Technical Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences was used. Digital maps of 100-m resolution land cover data (1980s, 2005) and a raster soil map of 400-m resolution from the Data sharing Infrastructure of Earth System Science were also used for the delineation.
The DEM was subdivided into 100-m bands, which were further sub-divided into five slopes and eight aspect classes. These units were then classified according to land cover and soil classification for HRU delineation. As a result, 2,110 units of topologically connected HRU polygons and nine river sub-catchments were delineated in the Qugaqie catchment.
Calibration and validation
The calibration period is from 1 February 2006 to 31 December 2007 in the Qugaqie catchment. The validation period is from 1 February 2008 to 31 December 2008. The missing measurements in winter were recorded as -9999 and were not used in the calibration and validation processes. In general, 2 years discontinuous summers may be a short period for the model calibration, but we focused on the test of the J2000 in a glacierized catchment and the extreme summer's change of glacier mass balance in the Qugaqie was excellent to validate the calibration period ). Table 1 lists the calibrated parameters and their values used in the snow and glacier module. Zhang et al. (2008a) analyzed the spatial variation of degree-day factors based on glacier melt data and meteorological data in different periods in western China; the results suggested that the regional patterns of degree-day factors are detectable on the glaciers because of the unique climatic environment and heat budget of the TP. The local ice and snow degree-day factors in the source region of the Qugaqie catchment suggested by Wu et al. (2010) are given in Table 1 .
The model calibration was performed manually, using daily runoff data from the gauging station at the catchment outlet. In this study, we calibrated the model with five objective functions. The performance measured (Table 2 ) underscores the satisfying model result during calibration. Shown are the coefficients of determination (R 2 ), the root mean square error (RMSE), the percentage bias (PBIAS), the gradient of the double sum regression between cumulated observed and simulated runoff (dsGrad) and the index of agreement (IOA). Simulation results from the J2000 model were examined both graphically and statistically (Fig. 3) . Observed and simulated daily streamflow had a reasonable agreement for both calibration and validation periods. The model especially simulated streamflow in ablation seasons well for both validation and calibration periods. The mean coefficient of efficiency (coefficients of determination) was 0.62 and 0.91 for the calibration period in 2006 and 2007, and 0.56 for validation period in 2008. However, the volume of the simulated streamflow was less than the observed streamflow in general for both calibration and validation periods. The model also had limited capability in simulating complex hydrograph shapes and peak discharge.
The glacier melt is the main contribution to the streamflow in the Qugaqie catchment. The simulation showed that the proportion of glacier melt in streamflow is 50, 37 and 26% for 2006, 2007 and 2008, respectively . The majority of precipitation in 2007 occurred as rain that accounted for 71.5%, whereas the majority precipitation was snow in 2008 that accounted for 69.3% (Zhou et al. 2010) . The change in glacier surface albedo is due to different precipitation forms resulting in the large inter-annual difference in glacier melt. Moreover, the precipitation gauge in the Qugaqie catchment had wind-induced snowfall undercatch in some occasions, which might contribute to the underestimation of simulated volume and the low efficiencies. Observed and simulated daily discharge and glacier melt for those 2 years are shown in Fig. 3 .
Modeling result
Glacier runoff sensitivity to climate elements To examine climate elements and glacier runoff relationship, runoff sensitivity to maximum air temperature, mean air temperature, minimum air temperature, precipitation, sunshine hours, relative humidity and wind speed were analyzed.
The anomaly of each climate element yielding a 5% increase in runoff was calculated (Table 3) . Only one variable was changed at a time while keeping the other w.e. water equivalent variables untouched. It is notable that air temperature had the strongest effect on runoff than the other elements. Given the degree-day factor method used in glacier module, it dictated that air temperature was the most sensitive variable affecting the melting of snow and ice. The form of precipitation on the glacier surface is mainly determined by air temperature. During the melting season, when snow falls in the glacier ablation zone, the fresh snow covering the glacier surface results in high albedo, preventing excessive melting and the loss of the glacier mass (Fujita and Ageta 2000) .
Climate scenario test
As a fully distributed and physically based hydrological model, it is appropriate to use J2000 for climate change impact study (Beven 2002) . Many studies applied distributed hydrological models to assess the climate change impacts on water resource (Arora and Boer 2001; Legesse et al. 2003) .
In this study, incremental climatic scenarios were used to assess climate change impacts. Incremental scenarios or synthetic scenarios describe a technique that particular climatic elements are changed incrementally by plausible though arbitrary amounts (e.g., ?1, 2, 3 and 4°C change from the baseline air temperature and ?5, 10, 15 and 20% change from the baseline precipitation) (Steppuhn et al. 2007) . In this study, a ±20% change in precipitation and a ±1°C change in air temperature, in total, eight climate scenarios (Table 4) , were used to assess the response of the river runoff and glacier melt to climate change. Figure 4 and Table 4 show that simulated streamflow and glacier melt changed dramatically for the hypothetical scenarios compared to the simulated streamflow in 2008. Simulation shows that an increase in air temperature by 1°C resulted in the increase of 14 and 41% in streamflow and glacier melt, respectively.
Another interesting feature was that an increase in precipitation not only resulted in an increase in streamflow, but also caused a decrease in glacier melt. For example, an increase in precipitation by 20% without temperature change resulted in 9% increase in streamflow, but 12% reduction in glacier melt. The combination of 1°C decrease in air temperature and 20% increase in precipitation cause 4% decrease in streamflow and the highest decrease (-44%) in glacier melt. The reason is that when the temperature is relatively low, increase in precipitation implies the increase of snowfall on glacier surface, so that the surface could sustain a high albedo. As a result, less ice will melt due to the combination of high abledo and the low temperature, and vice versa.
An increase in air temperature by 1°C and in precipitation by 20% resulted in the highest increase (23%) in simulated streamflow. The highest increase (54%) in simulated glacier melt was due to the combination of 1°C increase in air temperature and 20% decrease in precipitation. Decreased precipitation resulted in decreased streamflow in most scenarios in the Qugaqie catchment. However, the combination of decreased precipitation and increased temperature caused the increase of glacier melt in two out of three scenarios. This is due to the high sensitivity of J2000 to temperature. 
Conclusion
The study showed the applicability of a fully distributed J2000 hydrological model in the glacierized Qugaqie catchment in central TP. The J2000 model includes regionalization module that interpolates the point data to spatially distributed data. J2000 model was updated to include ice and snowmelt modules, using temperature index method, and the classic degree-day factor method for snow and glacier melt and freeze, respectively. In general, the model simulates runoff well, although the model underestimated the discharge in early and late melting season. The underestimation might have resulted from wind-induced snowfall undercatch by precipitation gauge in the early and late melting season.
Air temperature was the most sensitive element for discharge compared to other climate elements. Maximum air temperature, minimum air temperature and sunshine hours are of low sensitivity.
Simulation experiments with eight hypothetical climate scenarios revealed that runoff volume was sensitive to both air temperature and precipitation change. Runoff was more sensitive to increase in air temperature than increase in precipitation. The increase of both air temperature and precipitation generated the largest runoff, while the increase of air temperature and the decrease of precipitation resulted in the largest glacier melt. Decreased precipitation resulted in decreased streamflow in most scenarios in the Qugaqie catchment. However, the combination of decreased precipitation and increased temperature caused the increase of glacier melt.
